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ABSTRACT
We present the optical to near-infrared (IR) spectrum of the galaxy TSPS
J1329−0957, a red and bright member of the class of extremely red objects
(EROs) at z = 1.26. This galaxy was found in the course of the Tokyo-
Stromlo Photometry Survey (TSPS) which we are conducting in the southern sky.
The spectroscopic observations were carried out with the Gemini Multi-Object
Spectrograph (GMOS) and the Gemini Near Infra-Red Spectrograph (GNIRS)
mounted on the Gemini-South telescope. The wide wavelength coverage of 0.6
– 2.3 µm provides useful clues as to the nature of EROs while most published
spectra are limited to a narrower spectral range which is dictated by the need
for efficient redshift determination in a large survey. We compare our spectrum
with several optical composite spectra obtained in recent large surveys, and with
stellar population synthesis models. The effectiveness of using near-IR broad-
band data, instead of the spectral data, in deriving the galaxy properties are also
investigated. We find that TSPS J1329−0957 formed when the universe was 2 –
3 Gyr old, and subsequently evolved passively to become one of the most massive
galaxies found in the z = 1 – 2 universe. Its early type and estimated stellar
mass ofM∗ = 10
11.5M⊙ clearly point to this galaxy being a direct ancestor of the
brightest elliptical and spheroidal galaxies in the local universe.
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Subject headings: galaxies: evolution — galaxies: formation — galaxies: high-
redshift — galaxies: individual (TSPS J1329−0957) — galaxies: stellar content
— infrared: galaxies
1. Introduction
The formation and evolution of massive (stellar mass M∗ > 10
11M⊙) galaxies represent
one of the key issues in understanding the whole picture of mass assembly in the universe.
This class of objects is believed to correspond to the local early-type galaxies, i.e., ellipticals
and spheroidals, constituting the brightest end of the luminosity function. They are predicted
to form gradually with time through merging of smaller subsets in the hierarchical structure
formation scenario based on the Λ cold dark matter (CDM) model (e.g., White & Rees
1978; Cole et al. 1994). While the ΛCDM model can successfully reproduce the large scale
structure of galaxies, difficulties appear when it deals with smaller systems such as individual
galaxies. Although the hierarchical scenario predicts the time of appearance of the most
massive galaxies at z ∼ 1, there is growing evidence that fully assembled galaxies exist
at z > 1 (e.g., Dunlop et al. 1996; Spinrad et al. 1997; Daddi et al. 2004; Fontana et al.
2004; Glazebrook et al. 2004; Cimatti et al. 2004; Saracco 2005). They are largely passively
evolving, early-type galaxies containing old stellar populations (e.g., Yan & Thompson 2003;
Yan, Thompson & Soifer 2004; McCarthy et al. 2004; Mignoli et al. 2005; Longhetti et al.
2005). The alternative scenario of mass assembly is represented by the monolithic model,
in which galaxies are formed in a single collapse and star burst, and subsequently evolve
passively (e.g., Larson 1974; Tinsley 1977; Bruzual & Kron 1980). In this framework even
the most massive galaxies could exist in very early universe. While both the hierarchical
and monolithic scenarios are consistent with the observations in the local universe, their
differences should become evident at z > 1. Recently Conselice et al. (2007) showed that
the observed mass growth of massive galaxies from z = 2 to z = 0 is significantly different
from the prediction of the Millennium Simulation (Lemson et al. 2006; De Lucia et al. 2006)
based on the ΛCDM model.
Thus motivated by their unique importance, the massive galaxies beyond redshift z = 1
have been a subject of extensive studies over the last decade. Several large survey pro-
grams have been completed or are ongoing, such as the Gemini Deep Deep Survey (GDDS;
Abraham et al. 2004), the K20 Survey (Cimatti et al. 2002), and others (e.g., Doherty et al.
2005; Saracco 2005; Roche et al. 2006). The z > 1 massive galaxies exhibit very red optical to
near-IR colors, either due to evolved stellar populations, or severe reddening in case of dusty
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starbursts, and they form a class of extremely red objects (EROs; Elston, Rieke & Rieke
1988). This ERO nature is commonly utilized to pick up the objects from multi-color pho-
tometry catalogs for subsequent spectroscopy, usually carried out in the red-visible (0.6 –
0.9 µm) light, to obtain the objects’ redshifts (e.g., McCarthy 2004).
While the recent studies have been achieving great successes in revealing the mass
assembly history out to the redshift z > 2, and placing significant constraints on the galaxy
formation scenarios, one should be aware of the fact that most of these works are based
on optical spectroscopic observations supplemented with near-IR broad-band photometry,
usually fitted with the spectral energy distribution (SED) models constructed from the local
galaxy populations. It is based on the implicit assumption that the optical to IR SED, and its
evolution with age, of the z > 1 galaxies are well represented by those of local counterparts.
However, such an assumption has not yet been observationally confirmed due to the lack
of the data with sufficiently large (i.e., from optical to near- or mid-IR) spectral coverage.
The same shortage of the data has prevented the empirical-template method to be used
in the analysis of the observed (spectral or broad-band) SEDs in wide wavelength ranges.
Although recent works based on the large surveys have constructed some composite spectra
by stacking all the obtained data, such composites have an apparent disadvantage in that
different parts of the spectra are represented by systematically different galaxy populations,
e.g., blue part by the high-redshift objects and red part by the low-redshift objects. Thus,
the accumulation of the observations and analysis of wide spectral regions for individual
galaxies are definitely needed at this stage in order to make comprehensive studies of the
massive galaxy population existing at z > 1.
In this paper we report the first example of that kind of data, a red-visible to near-IR
(0.6 – 2.3 µm) spectrum of the massive evolved galaxy TSPS J1329−0957 at z = 1.26. It
has been discovered in the course of the Tokyo-Stromlo Photometry Survey (TSPS) which
we are conducting in the high galactic-latitude sky observed from the southern hemisphere.
Introduction of the TSPS, target selection, and the observations and reductions of the op-
tical and near-IR spectra are detailed in §2. We present in §3 the reduced spectrum which
is compared to optical composite spectra generated in the past surveys and to stellar popu-
lation synthesis models. Our comparisons reveal the basic properties of TSPS J1329−0957
as a representative of passively-evolving galaxies found in the z = 1 – 2 universe. The ef-
fectiveness of using near-IR broad-band data, instead of the spectral data, in deriving the
galaxy properties are also investigated. Finally a brief summary appears in §4. Throughout
this paper we use the Vega magnitude system and a standard cosmology of H0 = 70 km s
−1
Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.
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2. Observations
2.1. Target Selection: the Tokyo-Stromlo Photometry Survey
The Tokyo-Stromlo Photometry Survey (TSPS) is a multi-color (IZJHKs) photometry
survey of the high galactic-latitude (|b| > 30◦) sky observed from the southern hemisphere.
The main targets of the survey are bright extra-galactic sources. It has been developed by the
collaboration of teams in The University of Tokyo and in the Research School of Astronomy
and Astrophysics, The Australian National University (ANU). The survey is divided into
two parts; the I- and Z-band survey observation and the near-IR (usually JHKs-band)
follow-up photometry.
The IZ-band survey started in 2003. More than 1000 deg2 has been observed to date in
photometric conditions using the Wide Field Imager (WFI) on the ANU 40-inch Telescope
and the drift-scan camera on the United Kingdom Schmidt Telescope (UKST), both located
at the ANU’s Siding Spring Observatory (SSO). Observations with the WFI are carried out
under the typical seeing condition of around 2′′ while the pixel scale of the camera, with the
configuration of 2 × 2 pixel binning, is 0.76′′/pixel. The standard 5σ limiting magnitudes
are IVega = 21.4 and ZVega = 20.5. The performance and data products of the drift-scan
camera on the UKST are currently under examination. To date over 150 nights have been
devoted to the IZ-band survey.
Parts of the surveyed fields are subsequently observed in the near-IR (JHKs) bands
for the purpose of discovering high-redshift (z > 5.7) quasars. We aim at exploring vari-
ous aspects of the early universe such as the growth of super massive black holes related
to galaxy formation (e.g., Magorrian et al. 1998; Ha¨ring & Rix 2004), the re-ionization of
intergalactic medium by means of the Gunn-Peterson trough (e.g., Gunn & Peterson 1965;
Loeb & Barkana 2001; Fan et al. 2006), and star formation activity traced by chemical-
abundance analysis (e.g., Hamann & Ferland 1993; Kawara et al. 1996; Yoshii et al. 1998;
Matsuoka et al. 2005, 2007, 2008; Tsuzuki et al. 2006). Two telescopes/instruments are
mainly used for the near-IR observations; the Cryogenic Array Spectrometer/Imager (CASPIR)
on the ANU 2.3-m Advanced Technology Telescope at the SSO, and the SIRIUS camera
(Nagashima et al. 1999; Nagayama et al. 2003) on the Infrared Survey Facility (IRSF) 1.4m
telescope located at Sutherland, South African Astronomical Observatory. The sky condi-
tions of the CASPIR observations are similar to those of the WFI observations while the
pixel scale of the camera is 0.5′′/pixel. On the other hand, typical seeing of the SIRIUS ob-
servations, with the pixel scale of 0.453′′/pixel, is around 1′′. 5σ limiting magnitudes range
from (J , H , Ks)Vega = (20.0, 19.4, 18.1) to (20.7, 20.1, 18.8) depending on the apparent
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brightness of the high-redshift quasar candidates in the surveyed field1. All the near-IR ob-
servations are carried out in photometric conditions. We have devoted another 150 nights,
so far, to the near-IR observations. The main features and results of the TSPS project will
be presented in detail in forthcoming papers (e.g., Asami, N., et al., in preparation).
TSPS J1329−0957 has been discovered at R.A. 13:29:44.52, Decl. −09:57:29.8 (J2000.0)
in a TSPS field owing to its extremely red color. The IZ-band images were obtained with
the WFI on 2005 February while the JHKs images were taken with the SIRIUS on 2006
March. Its apparent magnitudes, measured within the 4.5′′ aperture, are I = 21.7, Z = 20.9,
J = 19.7, H = 18.6, and Ks = 17.6. Since its color and magnitudes (I − Ks = 4.1 and
Ks = 17.6) clearly show that TSPS J1329−0957 is a fairly red and bright member of EROs
(R − K > 5.3 or I − K > 4; see also, e.g., Fig. 6 of Abraham et al. 2004), we decided to
obtain its optical to near-IR spectrum in order to further investigate its nature. The I- and
J-band images of the galaxy are shown in Figure 1.
2.2. Optical Spectroscopy
The optical spectrum of TSPS J1329−0957 was obtained on 2007 February 18 with
the Gemini Multi-Object Spectrograph (GMOS; Hook et al. 2004) mounted on the Gemini-
South telescope2 (Program ID: GS-2007A-Q-14). The R400 G5325 grating was used with the
RG610 G0331 filter, at two slightly different central wavelengths (791.0 nm and 794.0 nm)
in order to fill the CCD gaps. A slit width of 1.0′′ was used in average seeing of 0.8′′. This
configuration gives a wavelength coverage of 0.6 – 1.0 µm and a resolution of R ∼ 1000. The
object was dithered along the slit in the classical A-B-B-A pattern for better sky subtraction.
The total exposure time was 3.5 hours, constituting 32 400-sec exposures.
Data reduction was performed in a standard manner using the GEMINI.GMOS package
within the reduction software IRAF3. Wavelength calibration was established using CuAr arc
1 Magnitudes in the near-IR bands are expressed in 2MASS photometric system throughout this paper.
See Nakajima, Y. et al., in preparation, for the conversion of magnitudes and colors between IRSF/SIRIUS
and 2MASS systems.
2 This work is based on observations obtained at the Gemini Observatory, which is operated by the As-
sociation of Universities for Research in Astronomy, Inc., under a cooperative agreement with the NSF on
behalf of the Gemini partnership: the National Science Foundation (United States), the Science and Tech-
nology Facilities Council (United Kingdom), the National Research Council (Canada), CONICYT (Chile),
the Australian Research Council (Australia), CNPq (Brazil) and SECYT (Argentina).
3IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the As-
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spectra. The sensitivity function along the dispersion axis was obtained from the observed
spectrum of the white dwarf EG 274, taken with the same instrumental configuration as the
target observations. The calibrated spectrum of EG 274 and the atmospheric extinction data
at the Cerro Tololo Inter-American Observatory contained in the IRAF database were used
to calculate the sensitivity function. Since the galaxy possibly exhibits an extended feature
whose morphology is dependent on the observed wavelength, though the morphology in the
IZ-band images is not very clear due to the poor seeing (∼2′′) of the WFI observations
(see Fig. 1), aperture correction is not expected to be achieved properly by referring to
the spectroscopic standard star. We assumed the wavelength dependence of the slit loss of
the form λ−α where the power index α was determined so that the final spectral slope is
consistent with the broad-band I − Z color obtained from the imaging observations (α =
3.5). While the choice of function shape is rather arbitrary, it is the simplest form, and we
found that, as shown below, the resultant optical spectrum is completely consistent with the
composite spectra obtained in past surveys. Finally the calibration for absolute flux scale
was obtained from the broad-band photometric data.
2.3. Near-IR Spectroscopy
The near-IR spectrum of TSPS J1329−0957 was obtained during 4 nights in 2007 Febru-
ary and March (Program ID: GS-2007A-Q-14). The Gemini Near Infra-Red Spectrograph
(GNIRS; Elias et al. 1998) mounted on the Gemini-South telescope was used in the cross-
dispersed mode, which covers 0.9 – 2.5 µm simultaneously. The average seeing was 0.6′′. The
adopted 31.7 l/mm grating and 1.0′′ slit with the short (0.15′′/pixel) camera give a resolv-
ing power of R ∼ 500. Two off-source (sky) positions were observed by slightly offsetting
the telescope perpendicular to the slit in order to obtain sky spectra which were used for
subtracting sky emission from the object frames. Total exposure time on source is 2.0 hours
constituting of 16 450-sec exposures.
Data reduction was carried out with the GEMINI.GNIRS package within the IRAF in a
standard manner. Distortion and wavelength calibrations were achieved with the pinhole and
Ar arc spectra, respectively. The A0V- and F0V-type stars, HIP 63109 and HIP 63151, were
observed as telluric standard stars to which blackbody spectra with appropriate temperatures
were fitted in order to calculate the sensitivity along the dispersion axis. The additional
aperture correction described in the previous section were not applied since the galaxy shows
sociation of Universities for Research in Astronomy, Inc., under cooperative agreement with the National
Science Foundation.
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fairly concentrated shapes with spatial profiles similar to those of nearby stars in the JHKs
bands. The spectral slope beyond ∼1.2 µm agrees with the broad-band J −H and H −K
colors within the measurement errors. We do not use the GNIRS spectrum at wavelengths
shorter than ∼1.2 µm since the appropriate broad-band (e.g., Y -band) imaging data is not
available for checking the slit loss. As in the optical spectrum, the calibration of the absolute
flux scale was obtained from the broad-band photometric data.
3. Results and Discussion
3.1. Reduced Spectrum
The reduced GMOS and GNIRS spectrum is shown in Figures 2 and 3 (black). The
Ca II HK absorption lines are clearly detected, giving the redshift of this object as z =
1.26. There are the absorption features at the expected positions of Mg II λ2800 and Mg I
λ2852, though the data quality is rather poor around these features since they are near the
detector edge. No other single absorption or emission lines can be identified while some
broad features are in common with the composite spectra of past surveys and/or with the
model predictions as shown below. The detection of Ca II HK lines and absence of any strong
emission features such as [O II] λ3727, as well as the overall SED, clearly indicate that TSPS
J1329−0957 is an old, passively-evolving galaxy whose light is dominated by evolved stellar
population. Considering its redshift and Ks-band brightness (Ks = 17.6 mag), this ERO is
likely to be among the most massive galaxies with a stellar mass M∗ exceeding 10
11.5 M⊙.
Hereafter we reveal some basic properties of the galaxy through comparisons with the optical
composite spectra obtained in recent large surveys and with the stellar population synthesis
(SPS) models.
3.2. Comparison with the Optical Composite Spectra
In Figure 3 we compare the optical spectrum of TSPS J1329−0957 with the com-
posite spectra generated from the K20 early-type galaxies (red; Mignoli et al. 2005), the
Sloan Digital Sky Survey (SDSS) Luminous Red Galaxies (LRGs) at z = 0.30 – 0.35 (green;
Eisenstein et al. 2003), and the local early-type galaxies (blue) compiled by Mannucci et al.
(2001). Each spectrum has been scaled in accordance with the flux at the wavelength interval
0.34 – 0.36 µm and is expressed in the rest frame. The overall feature of the spectra blueward
of ∼4000 A˚ are remarkably similar in spite of the systematic difference in the redshifts of
galaxies constituting the composites, i.e., mean redshift < z > = 0.75 for the K20 galaxies,
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z = 0.30 – 0.35 for the SDSS LRGs, and z = 0 for the local early types, while z = 1.26
for TSPS J1329−0957. It clearly demonstrates the early-type nature of TSPS J1329−0957,
containing little amount of dust responsible for the reddening of the visible light.
On the other hand, a small but clear difference is seen in the 4000 A˚ break. We show
the D4000 index, adopting the definition of Bruzual (1983), of various composite spectra and
TSPS J1329−0957 in Figure 4. The plotted composites are those described above plus those
generated from the GDDS early-type galaxies at z = 1.3 – 1.4, the Las Campanas Infrared
Survey (LCIRS) pure early-type galaxies (Doherty et al. 2005), and the Munich Near-IR
Cluster Survey (MUNICS) “young” early-type galaxy population defined by Longhetti et al.
(2005). Also shown, are the predictions of the SPS models by the Bruzual & Charlot (2003)
code, assuming an exponentially-declining star formation history with the e-folding time τ
= 1.0 Gyr, the metallicity Z = Z⊙, 0.4 Z⊙ and 0.2 Z⊙, and the epoch of the onset of star
formation at redshift zf = 7. The figure clearly shows the increase of the observed D4000
index from z = 1.5 toward the local universe, which coincides with the simple galaxy aging
represented by the SPS models. The index of TSPS J1329−0957 is also on this trend and is
consistent with those of the GDDS galaxies and the MUNICS young subsamples within the
measurement error. We infer the age of TSPS J1329−0957 to be a few Gyr.
3.3. Comparison with the SPS Models
3.3.1. Basic Properties of TSPS J1329−0957
Here we compare the overall SED of TSPS J1329−0957 with the predictions of SPS
models by the Bruzual & Charlot (2003) code. In the model calculations, star formation is
assumed to start at t Gyr before the galaxy is observed and subsequently reduce its rate
exponentially with the e-folding time τ Gyr. Dust content is parametrized in terms of the
color excess EB−V with the extinction law of Calzetti et al. (2000). These parameters are
varied over the plausible ranges, i.e., t = 0.01 – 10.0 Gyr, τ = 0.01 – 10.0 Gyr, and EB−V
= 0.0 – 1.0 mag, and the best-fitting model is searched for by the least χ2 method. The
total stellar mass of the galaxy is determined through normalization of the model SED. We
start with the Salpeter (1955) initial mass function (IMF) and the solar metallicity (Z =
Z⊙). Although other sets of calculations adopting the Fitzpatrick (1999) dust extinction
raw or the Chabrier (2003) IMF were also performed, they provide neither better fits nor
significantly different best-fitting results.
We show the best-fitting model with the observed spectrum in Figure 2 (green). The
(observed-frame) optical and near-IR parts of the spectrum make similar contributions to
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the χ2 where it is minimum. As seen in the figure, the overall agreement between the
observation and the model is fairly good over the whole wavelength range. The parameter
values comprising the best-fitting model are summarized in the first row of Table 1. They are:
t = 2.4+0.2
−0.5 Gyr, τ = 0.55
+0.10
−0.15 Gyr, EB−V = 0.06
+0.07
−0.03 mag, and log M∗ [M⊙] = 11.49
+0.01
−0.04
where the quoted errors denote 90 % confidence. The derived age (2 – 3 Gyr) and dust
content (EB−V . 0.1 mag) are quite consistent with the estimates from D4000 index and
from the comparison with the composite spectra of the early-type galaxies as described in
the previous section. We have also performed the calculations assuming the sub-/super-solar
metallicity (Z = 0.4 Z⊙ and 2.5 Z⊙) and found that the best-fit age of the galaxy is ∼1.5-Gyr
older/younger than the original (Z = Z⊙) case, which is the consequence of the well-known
age-metallicity degeneracy. However, no better fits than the Z = Z⊙ case are achieved in
these calculations.
Thus we conclude that TSPS J1329−0957 is very likely to be formed 2 – 3 Gyr before
it was observed, and subsequently evolved passively to become one of the most massive
objects found in the z = 1 - 2 universe. Its formation epoch corresponds to the redshift zf
= 2.6 when the universe is about 2.5 Gyr old. It is similar to the median formation redshift
of the GDDS evolved galaxies studied by McCarthy et al. (2004) (< zf > = 2.4) and of
the MUNICS young subsamples studied by Longhetti et al. (2005) (< zf > = 2.3). The
early-type nature and the estimated stellar mass of M∗ = 10
11.5M⊙ clearly indicate that the
galaxy is a direct ancestor of the brightest elliptical and spheroidal galaxies present in the
local universe.
3.3.2. Effectiveness of Near-IR Broad-Band Data
Most of the previous studies have utilized optical spectra supplemented with near-IR
broad-band photometry in deriving the physical properties of EROs by the SED-model
fitting. Thus it is useful to compare the fitting results for such data sets with the above
results for the whole (optical and near-IR) spectral data. We first consider the optical
spectrum with the K (Ks)-band photometry, which is the most common data set used in
the ERO studies. The Ks-band magnitude was calculated from the GNIRS spectrum and
the SIRIUS filter transmission curve. We fitted the SPS-model SEDs to this data set in
the same way as described above, and deduced the best-fitting parameters. The results are
summarized in the second row of Table 1; the data set yields smaller t, τ and EB−V than the
case of the whole spectral data. The shorter duration of star formation makes the galaxy
SED (at a fixed age) redder while the younger age and less dust content make it bluer, thus
the overall SED is similar to the case of the whole spectral data. Detailed features in the
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near-IR spectrum give rise to the difference in the best-fitting parameters for the two data
sets. Adding the J- and H-band photometry to the above data set does not improve the
situation (the last row of Table 1); the derived t, τ and EB−V are tend to be even smaller than
the previous case. These three parameters are clearly degenerated and the different data sets
find the best SED models on the different locations of this (t, τ , EB−V) degeneracy sequence.
On the other hand, the total stellar massM∗ is found to be fairly robust. It is consistent with
the results of the previous studies (e.g., Conselice et al. 2007) reporting the robustness of the
stellar-mass estimate as opposed to other parameters (galaxy age, star-formation duration,
metallicity, etc.) suffering from various degeneracies.
We conclude that the optical spectrum supplemented with the near-IR broad-band data
provide slightly different view of the target galaxy from those deduced from the whole spectral
data. However, the basic classification of the galaxy could be achieved without the near-IR
spectrum; the three data sets listed in Table 1 consistently suggest that the galaxy is a few
Gyr old system with faded star-formation activity and with little dust. The stellar-mass
estimate is fairly robust. We note that the errors of the JHKs broad-band magnitudes used
above have been calculated by appropriately propagating the error of the GNIRS spectrum,
which gives 0.05 mag for the J band and 0.03 mag for the H and Ks bands. These are
similar to the typical magnitude errors achieved in recent photometric observations. Thus
the above data sets of the optical spectrum with the near-IR broad-band photometry well
represent those obtained in real observing programs.
4. Summary
We present a Gemini/GMOS and GNIRS spectrum of the galaxy TSPS J1329−0957,
a red and bright member of the ERO population. It has been discovered in the course of
the Tokyo-Stromlo Photometry Survey (TSPS) we are developing in the southern sky. The
spectrum covers red-visible to near-IR (0.6 – 2.3 µm) wavelength range, providing a useful
example to be compared with the same population which has been vigorously discovered
in the recent surveys using the 8-m class telescopes and multi-object spectrographs. The
Ca II HK absorption lines are clearly detected, which gives the redshift of the galaxy as z
= 1.26. The detection of Ca II HK lines, the absence of any strong emission features, and
the overall SED indicate that the galaxy is an old, passively-evolving system whose light is
dominated by an evolved stellar population. We compared the observed spectrum with the
predictions of the SPS models and found that the model with age 2 –3 Gyr, little amount of
dust (EB−V . 0.1 mag), and stellar mass M∗ = 10
11.5M⊙ to best-fit the observations. The
inferred properties of the galaxy are supported by the estimate from the D4000 index and by
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the resemblance of the observed spectrum to several composite spectra of early-type galaxies
at z < 1. We also investigated the effectiveness of using near-IR broad-band data, instead
of the spectral data, in deriving the galaxy properties. It shows that the optical spectrum
supplemented with near-IR broad-band data provide slightly different view of the target
galaxy from those deduced from the whole spectral data. However, the basic classification
of the galaxy could be achieved without the near-IR spectrum and the stellar-mass estimate
is fairly robust.
We conclude that TSPS J1329−0957 is very likely to have formed 2 – 3 Gyr before it was
observed, and subsequently evolved passively to become one of the most massive objects,
of early-type, in the z = 1 - 2 universe. The presence of such a massive galaxy in the
early universe might argue against the current representations of the hierarchical formation
scenario and might favor the monolithic scenario.
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J bandI band
Fig. 1.— WFI I-band (left) and SIRIUS J-band (right) images of TSPS J1329−0957 at the
center of the small box. North is up, east to the left. The field is approximately 50′′ × 50′′.
Fig. 2.— The reduced GMOS and GNIRS spectrum of TSPS J1329−0957 in the rest frame
(black). The upper axis denotes the observed wavelength. Also shown is the best-fitting SPS
model calculated with the Bruzual & Charlot (2003) code (green; see text).
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Fig. 3.— The observed spectrum of TSPS J1329−0957 in the rest frame (black) compared
with the composite spectra generated from the K20 early-type galaxies (red), the SDSS LRGs
at z = 0.30 – 0.35 (green), and the local early-type galaxies (blue). Dashed lines mark the
expected positions of Mg II λ2800, [O II] λ3727, and Ca II HK lines.
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Fig. 4.— The D4000 index, adopting the definition of Bruzual (1983), of various composite
spectra and TSPS J1329−0954 plotted as a function of redshift. The open circle with
the error bar represent TSPS J1329−0954 while the other symbols represent the composite
spectra of the early-type galaxies (filled circle: the local galaxies, open diamond: the SDSS
LRGs, open squares: the K20 bright subsamples, filled squares: the K20 faint subsamples (see
Mignoli et al. 2005), filled triangle: the LCIRS galaxies, open triangle: the GDDS galaxies
at z = 1.3 – 1.4, and filled diamond: the MUNICS “young” subsamples). See text for a full
description of the references. Three dashed lines show the predictions of the SPS models by
the Bruzual & Charlot (2003) code with the metallicity Z = Z⊙, 0.4 Z⊙, and 0.2 Z⊙ from
top to bottom, assuming the exponentially-declining star formation with the e-folding time
τ = 1.0 Gyr and a formation epoch (the epoch of the onset of star formation) at redshift
zf = 7. Dotted lines represent the redshifts corresponding to the galaxy ages of 4, 6, 8, 10,
and 12 Gyr.
– 18 –
Table 1: Best-Fitting SPS Model Parameters
Data Set Age t [Gyr] τ [Gyr] EB−V [mag] log M∗ [M⊙]
Optical spec. + NIR spec. 2.4+0.2
−0.5 0.55
+0.10
−0.15 0.06
+0.07
−0.03 11.49
+0.01
−0.04
Optical spec. + Ks phot. 1.6
+0.4
−0.3 0.01
+0.31
−0.01 0.00
+0.02
−0.00 11.46
+0.02
−0.04
Optical spec. + JHKs phot. 1.3
+0.1
−0.1 0.01
+0.02
−0.01 0.00
+0.02
−0.00 11.32
+0.02
−0.01
